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Characterization of the CICR2 Chemokine Receptor: 
Functional CCR2 Receptor Expression in B Cells 1 

Jose M. R. Frade,* Mario Mellado^ Gustavo del Real/ Jose C Gutierrez-Ramos,* 
Peter Lind, + and Carlos Martinez-A. 2 * 

We have derived anti-human CCR2 -specific mAbs by immunization with synthetic peptides corresponding to CCR2 sequences 
presumably involved in the interaction with its ligand(s). The characterization of these mAbs includes the ability to recognize 
the CCR2 receptor specifically, as well as the function based on their ability to promote Ca 2+ influx or to block MCP-1 -induced 
Ca 2 * influx and chemotaxis. One mAb (MCP-1 R02) that is directed to the NH 2 terminal domain of the CCR2 receptor has 
agonist activity, and two that recognize the third extracellular domain (MCP-1 R04 and MCP-1 R05) have MCP-1 an- 
tagonist activity. We analysed the presence of CCR2 in several PBL and tonsil-derived leukocyte populations and found ex- 
pression of this receptor in monocytes, activated T ceils, and, surprisingly, in B cells, CCR2 receptor expression in B ceils was 
further corroborated in Southern blot using CCR2-specific probes. Moreover, both MCP-1 and the agonist mAb trigger specific 
B cell migration via a PTX-sensitive mechanism, indicating the presence of a functional CCR2 receptor in these cells. The 
journal of Immunology, 1997, 159:5576-5584, 



hemokines are a family of proinflammatory cytokines 
I that attract and activate specific types of leukocytes. The 

known human chemokines are divided into two subfam- 
ilies based on overall sequence homology, the position of the first 
two of four canonical cysteine residues and the chromosomal lo- 
cation of the corresponding genes. These subfamilies are the |S or 
CC chemokines, in which the cysteines are adjacent, and the a or 
CXC chemokines, in which the cysteine residues are separated by 
one amino acid residue (1-3). This structurally defined subdivision 
correlates with their activity on blood leukocyte populations; the 
CXC chemokines primarily affect neutrophils (and, to some extent, 
lymphocytes) and CC chemokines act on monocytes, lymphocytes, 
NK cells, basophils, and eosinophils (4, 5). 

Chemokines mediate their effects via interactions with seven 
transmembrane-spanning, G protein-coupled receptors (GPCR), 3 
which can be grouped according to their ligand specificity. It is 
unclear how the chemokines achieve their functional diversity (at 
times specific, at times redundant) by binding to this assembly of 
receptors, and these interactions appear to be complex (6, 7), Che- 
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mokine receptors are expressed in a wide variety of cell popula- 
tions and a single cell population can express a vast array of re- 
ceptors. Monocytes express high affinity binding sites for MlP-la, 
MIP-IJ3, MCP-1 > MCP-2, MCP-3, and RANTES (8, 9). Although 
functional analysis by receptor cross-desensilization suggests the 
existence of at least three discrete chemokine receptors on mono- 
cytes, the desensitization may also correspond to differential rec- 
ognition (affinity variance or different receptor residues involved in 
chemokine binding) by several chemokines of a single receptor 
type, Much less is known of the presence of the chemokine recep- 
tor in other leukocyte populations. 

MCP-1 is a member of the CC chemokine family, produced by 
endothelial cells, smooth muscle cells, and macrophages in re- 
sponse to a variety of mediators, including platelet-derived growth 
factor, TNF-cy, LPS, and oxidized low density lipoproteins (10, 
11), MCP-1 is active on monocytes, T cells, NK cells, basophils, 
mast cells, and dendritic cells (12, 13). It is considered important 
in mediating monocytic tissue infiltration in a variety of inflam- 
matory diseases, including rheumatoid arthritis and alveolitis, as 
well as in macrophage infiltration of tumors (3). In this last case, 
monocyte/macrophage activation by MCP-1 may contribute to 
suppression of tumor growth in animal models. Monocyte invasion 
of the artery wall is also a critical event in the initiation of ath- 
erosclerosis, and MCP-1 is expressed abundantly in the active, 
macrophage-rich areas of human atherosclerotic plaques (14). 

induces, through its binding to specific GPCR, hista- 
mine release, calcium influx, and in vitro monocyte migration, 
activates murine mast ceils in vivo, regulates monocyte integrity 
expression, and is chemotactic for T lymphocytes (15-18). The 
CCR2 receptor is expressed in monocytes, myeloid precursor ceils 
•and activated T lymphocytes (19, 20). Two CCR2 receptor forms, 
differing only in their alternatively spliced carboxyi tails, were 
cloned and characterized. These receptors, CCR2A and CCR2B, 
signal in a highly specific manner in response to MCP-1 (21). 

Although little is known of the molecules directing B cell mi- 
gration, it has been shown that B cells produce and respond to 
different chemokines. SDF-1 and IP-9 have thus been described as 
B ceil growth factors (22), and lymphotactin, MlP-la, MIP-1/3, 
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and 1V1CP-5 induce B cell chemotaxis, at least under certain ex- 
perimental conditions (23-25). However, very few studies have 
addressed chemokine receptor expression in B cells. One excep- 
tion is the BRLi orphan chemokine receptor, which is involved in 
B cell migration, a PTX-sensitive process (26); it is expressed in 
lymphoid organs and localizes lymphocytes within specific ana- 
tomic compartments. Finally, it also defines particular structures of 
the cerebellum (27). Another orphan chemokine receptor ex- 
pressed in all EBV-positive B cell lines also appears to be present 
in activated T cells (28). Expression of the BLR2/EBH chemokine 
receptor is specifically transactivated by EBV nuclear antigen 2. 
The role of chemokines in B cell function is not clear as it is in T 
cells, however, and B cells may require signals beyond simple 
activation before they can respond to chemotactic signals (2). 

We have generated mAbs specific for the CCR2 chemokine re- 
ceptor by immunizing mice with synthetic peptides corresponding 
to several extracellular CCR2 receptor domains. Here we describe 
the generation and characterization of these mAbs, including che- 
motaxis and Ca 2+ induction in human monocytes and monocytic 
cell tines, as well as functional analysis based on their ability to 
block and/or mimic MCP-1 activity. We analyze CCR2 expression 
on human PBMC and tonsil cells, and show its expression in B 
cells, which is thus added to its anticipated expression in mono- 
cytes and activated T cells. We demonstrate that both MCP- 1 and 
the MCP- 1 agonist Ab against the CCR2 receptor induce migration 
of PBL-derived B cells and lymphoblastoid B cell lines through a 
specific, PTX-sensitive interaction with the CCR2 receptor and 
that this migration is specifically blocked by MCP-1 
antagonist Abs. 

Materials and Methods 
Cell lines 

Mono Mac I (DSM ACC252) were ohtained from the German Collection 
of Microorganisms and Cell Cultures (Braunschweig, Germany) and THP 
1 (ATCC TIB202), Jurkar (ATCC TIB 152) and IM-9 cells (ATCC CCL- 
i 59) from the American Type Culture Collection (ATCC; Rockvilie, MD). 

Human PBL or tonsil-derived lymphocytes were purified by Ficoll 
Paque (5.7 g/L, Pharmacia, Stockholm, Sweden) and activated with phy- 
tohemagglutinin M (PHA, 0.5%; Difco, Detroit, Ml), ionomycin (1 jmM, 
Sigma Chemical Co., St. Louis, MO), or Staphylococcus aureus Cowan I 
(SAC, 1/1000; Sigma) for 48 to 96 h at 37°C, 5% C0 2 in the presence of 
50 iU/mi of recombinant human IL-2 (rhIL-2: Hoffmann-La Roche, 
Nutley. NJ). 

CD19 + B cells were purified by magnetic ceil sorting (MACS, Miltenyi 
Biotec GmbH, Bergisch Gladbach, Germany), using specific mouse anti- 
human CD 19 specific microbeads. The purity of the sorted cells was as- 
sessed by flow cytometry analysis (CD 19" >98%, CD3* <0.5%, CD14* 
<0.5%). 



Chemokines 

The chemokines MCP- 1, MCP-3, R ANTES, SDF-iff, MlP-la, and 
MTP-1/3 were purchased from PeproTech (London, U.K.). 



Preparation of mAbs 

Peptides of CCR2 receptor amino acid sequences 24-38 and 273-292 were 
synthesized, coupled to keyhole limpet hemocyanin (Calbiochem, La Jolla, 
CA) and used as immunogens as described (29). Spleen and/or lymph node 
cells from immunized mice were fused with the P3X63-Ag8.653 myeloma 
cell line (CRL 1580. ATCC) following standard protocols. Supernatant* 
were tested for Abs in enzyme-linked immunoassay (El A) and positive 
hybridomas cloned by limiting dilution. Isotypes were determined in El A 
using peroxidase-labeled, subclass-specific anti-mouse Ig Ab (Southern 
Biotechnology Associates, Inc., Birmingham, AL). mAbs were purified by 
ammonium sulfate precipitation (30) and/or affinity chromatography on 
immobilized protein A-Sepharose (Pharmacia). 



Screening and characterization of mAbs 
Ab capture EIA 

EIA was performed as previously described (31); briefly, synthetic peptides 
(3 /xg/ml in PBS, 100 fd/well) were adsorbed to microti ter plates (Maxi- 
Sorb; Nunc, Roskilde, Denmark) after blocking. mAb were incubated and 
the reaction developed using a peroxidase labeled goat anti-mouse Ig Ab 
(Tago Inc., Burlingame, CA) and OPD (Sigma). 

Flow cytometry analysis 

THP-1 or Mono Mac 1 or transfected 293 cells were centrifuged (250 x g, 
10 min, room temperature), plated in V-bottom 96- well plates (2.5 X 10* 
cells/well) and incubated with 50 fU/well of undiluted supernatants for 60 
min at 4°C. Cells were washed twice with PBS containing 2% BSA and 2% 
KCS (staining PBS) by centrifugation (250 X g, 5 min, 4°C), Goat anti- 
mouse-FITC was added, incubated for 30 min at 4°C. and plates were 
washed twice. Cell-bound fluorescence was determined in a Profile XL 
flow cytometer (Coulter, Miami, FL). 

Human PBL were plated as above and incubated with 50 jilAveli of 
biotin-labeled anti-CCR2 mAb for 60 min at 4°C Cells were washed twice 
by centrifugation with staining PBS. StrepluvidimFITC or -phycuerylhrin 
was added simultaneously with phycoerythrin- or FiTC-iabeled anti- 
human leukocyte differentiation markers for monocytes (CD lib, CD 1 3, 
CD 14), B cells (CD 1 9, CD20), or T cells (CD3, CD4, CD8), incubated for 
30 min at 4°C, and washed twice. Double staining of cells was determined 
in an EPICS XL flow cytometer (Coulter). 

Immunoprecipitation, SDS-PAGE, and Western blot analysis 

Mono Mac I (2 X I0 7 cells) were lysed in a detergent buffer (20 mM 
triethanolamine, pH 8.0, 300 mM NaCl, 2 mM EDTA, 20% glycerol, 1% 
digitonin, with protease inhibitors) for 30 min at 4°C with continuous rock- 
ing, then centrifuged (15,000 X g, 15 min). Immunoprecipitations were 
performed essentially as described (32). Protein extracts preel eared by in- 
cubation with 20 (ig of anti-mouse IgG-agarose (Sigma) (60 min, 4°C) 
svere centrifuged (15,000 X 1 min), immunoprecipitated with the ap- 
propriate Ab (5 /xg/sample, 120 min, 4°C), followed by anti-mouse 
IgG-agarose. 

Immunoprecipi tales or protein extracts were separated in 12,5% SDS- 
PAGE and transferred to nitrocellulose membranes. Western blot analysis 
was performed as described (32), using 10% nonfat dry milk in TBS as 
blocking agent. After washing with PBS, the membrane was incubated 
with mAb with agitation for 120 min at room temperature, followed by 
goat anti-mouse~peroxida.se (1/5000 dilution). The reaction was developed 
using ECL (Amersham, Aylesbury, U.K.). In ail cases, cell lysate or im- 
munoprecipitate protein loading was carefully controlled using a detection 
protein kit (Pierce, Rockford, [L). 

Calcium determinations 

Changes in intracellular calcium concentration were monitored using the 
fluorescent probe Fluo-3 (Calbiochem). Mono Mac I cells (2.5 X 10 6 
cells/ml) were resuspended in RPMI containing 10% FCS and 10 nM 
HEPES and incubated with 10 juJ/10 6 cells of Fluo-3 (300 fM in DMSO) 
for 15 min at 37°C. After incubation, cells were washed and resuspended 
in complete medium containing 2 mM CaCU and maintained at 37°C be- 
fore ligand addition (chemokine or mAb, 0.1 to 100 nM in PBS). Calcium 
release in response to cytokines or mAb was determined in an EPICS XL 
flow cytometer at 525 nm. 

To determine the antagonistic activity of the mAb, Mono Mac I cells 
were preincubated with several concentrations of protein A»Sepharose-pu- 
rified mAb (1 to 1000 nM) in RPMI for 30 min at 4°C before loading with 
Fluo-3. Ca 2 ' 5 " release was determined as above. 

Chemotaxis 

Mono Mac I cells were placed in the upper well of 24- well transmigration 
chambers (5-^m pore size; Transwell, Costar, Cambridge, MA), previ- 
ously coated with mouse brain endothelial cells (5 X 30 4 cells/well, 48 h 
at 37°C, 5% C0 2 ). Chemokines or agonist Ab (0.1 to 100 nM) were added 
to the lower well in RPMI containing 0.25% BSA, Plates were incubated 
for 120 min at 37°C, 5% C0 2 . The inserts were then removed from the 
wells and cell migration to the lower chamber counted. For the IM-9 B cell 
line and purified B cells, migration was assessed as above with or without 
preincubation with PTX (0.1 jug/ml, Sigma), except that no endothelial 
cells were employed, and migration was assessed after 16 h. 

To block MCP-l-induced chemotaxis, purified mAb (I to 1000 nM in 
PBS) were added to the upper well simultaneously with the addition of 
chemokines to the lower well. Chemotaxis was measured as above. 
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Table I. Characteristics of CCR2 chemokine receptor-specific mAbs 



Chemotaxis ^ Ca 2 f Influx e 
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Western 
Blot 6 
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MCP-1 R03 


(273- 292) 
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MCP-1 R04 


(273-292) 


C2a 
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MCP-1 R05 


(273-292) 


G2b 








+ 
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MCP-1 R06 


(273-292) 


C2a 




+ 











11 CCR2B peptide amino acid sequence recognized by the mAb, 

b Recognition of Mono Mac 1 cell lysates under reducing conditions. 

r Flow cytometry analysis of Mono Mac 1 cells, 

f/ Effect of mAb on MCK-1 -induced calcium influx in Mono Mac 1 cells. 

c ' Effect of mAb on MCP-1 -induced chemotaxis in transwells coated with endothelial cells. 



RT-PCR and Southern blot 

Poly(A) + RNA from IM-9 and tonsil- or PBL-derived purified B cells was 
purified using the QuickPrep mRNA Purification Kit (Pharmacia), treated 
with RNase-free DNase (Boehringer-Mannheim, Mannheim, Germany), 
and first-strand cDNA was prepared with oligo(dT) using the First-Strand 
cDNA Synthesis Kit (Pharmacia). PCR was performed using Taq poly- 
merase in a 9600 cycler (Perkin-EImer, Foster City, CA). The specific 5' 
and 3' (57/3') primer pairs ATGCTGTCCACATCTCGTTC//TCTATC 
GAT-TGTCAGGAGGA were used to amplify the indicated fragment of 
the CCR2 receptor. Specificity of the amplified pairs was assessed in 
Southern blot analysis of DNA fragments from PCR products. Samples (t 
ml) were electrophoresed in a 2% agarose gel and transferred to a nitro- 
cellulose membrane. An [a- 32 P]ATP-labeled probe was prepared by ran- 
dom priming from a CCR2B cDNA template 1.1-kilobase pair //mdlll 
restriction fragment cloned in pUC18. Hybridization was done using Ex- 
pressHyb (Ciontech, Palo Alto, CA) at 60°C for 1 h. The membrane was 
washed several times with 2 X SSC and 0.05% SDS at room temperature 
for 30 min and twice with 0.1 X SSC-0.1% SDS at 50°C for 40 min. 
Labeled bands were detected in autoradiography. 



Results 

Characterization of CCR2 chemokine receptor-specific mAbs 

Ami-CCR2 mAb were derived from mice immunized with keyhole 
limpet hemocyanin-coupled synthetic peptides corresponding to 
the amino-terminal region sequence (amino acids 24-38) and the 
third extracellular loop (amino acids 273-292). Six hybrids 
showed binding activity in EIA using the corresponding peptide 
and in flow cytometry analysis of a monocytic cell line, Mono Mac 
1, indicating recognition of the sequence in the native protein con- 
text. Two of these Abs are directed against the NH 2 terminal re- 
gion (MCP-IR01 and -IR02), whereas the other four recognize the 
third extracellular loop of the CCR2 receptor (MCP--1R03 to 
-1R06). The principal characteristics of these mAb are shown in 
Table I. All six mAb recognize THP-1 and Mono Mac i cells in 
Mow cytometry analysis (Fig. IA). Specificity for the CCR2 re- 
ceptor is demonstrated by flow cytometry analysis of 293 ceils 
transfected with the CCR2 and CCR5 chemokine receptors. All 
mAb tested recognize CCR2-transfected cells, while no recogni- 
tion is seen in mock-transfected or CCRS-transfected 293 cells 
(Fig. IB). None of the mAb obtained recognize JK cells, which 
express several chemokine receptors (CCR3, CCR5, and CXCR4), 
but the mAb do recognize CCR2-transfected JK cells (33). 

In Western blot analysis, MCP-1 R05 also recognizes a specific 
38-kDa band in both cell lines, as well as in PBL- and tonsil- 
derived lymphocytes (not shown); this band is specifically dis- 
placed by the immunizing peptide (273-292), but not by an irrel- 
evant peptide (Fig. 1C). mAb MCP-1 R03 irnmunoprecipitates the 



same 38-kDa protein from Mono Mac 1 cells, while no immuno- 
precipitation is seen using other anti-MCP-lR Abs (Fig. ID). 

The NH 2 terminal and the third extracellular domains define 
two functional CCR2 chemokine receptor regions 

MCP-1, as well as other chemokines, induce Ca 2+ influx and 
monocyte transmigration (8). We tested for both MCP-1 activities 
in Mono Mac 1 cells and confirm a transient rise in Ca 2+ influx 
upon stimulation with nanomolar chemokine concentrations. At 
similar concentrations in transmigration assays, MCP-l induces 
cell chemotaxis in a dose-dependent fashion, as described (not 
shown) (34). 

To further characterize the biologic activity of these mAb, we 
analyzed their effect on MCP-1 -induced Ca 2+ influx and transmi- 
gration. Preincubation of FIuo-3-loaded Mono Mac 1 cells with 
protein A-purified mAb before MCP-1 stimulation resulted in 
blocking of the MCP-1 -promoted Ca 24 ~ influx by mAb MCP- 
1R02, -1R04 (not shown), and -1R05, whereas no effect was seen 
when cells were preincubated with mAb MCP-IR01 or isotype- 
matched controls (Fig. 2/4). Functional activity of the mAb was 
studied in transmigration assays using endothelial cell-coated 
transwells. Mono Mac 1 cells migrated in response to MCP-1; this 
migration was also blocked in a dose-dependent fashion following 
cell incubation with MCP- 1 R02, -1R04 (not shown), and 
(Fig. 2B), We also observed antagonism of these mAb for chemo- 
kines described to be active through CCR2 (35, 36), that is, MCP-1 
and MCP-3. MCP-3 induced Ca 2 + influx and transmigration in 
Mono Mac 1 cells (Fig. 7A ); both of these activities are completely 
blocked by MCP-1 R04 and -1R05, with dose-response curves sim- 
ilar to those seen for MCP- 1 . No effect was observed on RANTES, 
MlP-la, MIP-10, or SDF- 1 conduced Ca 2+ mobilization and che- 
motaxis of Jurkat T cells following treatment with antagonist Abs 
MCP-1 R04 or MCP-1 R05 (Fig. 2C). These data indicate CCR2 
receptor specificity of the mAb; no cross-reactivity was detected 
with CCR5 or CXCR4 receptors, as measured by flow cytometry 
(see above) or in functional assays. 

We also tested for intrinsic mAb activity, as blockage of MCP-1 
function in Ca 2+ influx assays could be due to either antagonist or 
agonist activity through receptor desensitization. In Ca 2 "^ assays, 
mAb MCP-1R04 and -1R05 themselves induced no changes in 
Fluo-3~loaded Mono Mac 1 cells, indicating that their effect on 
MCP-1 -induced Ca 2+ influx result from blockage of MCP-1 bind- 
ing. Stimulation with MCP-1R02 induces a rapid and transient rise 
in Ca 2+ concentration, however, and desensitizes the receptor to 
MCP-1 (Fig. 3A). Stimulation with MCP-1 also induces desensi- 
tization of the receptor to MCP-1 R02 (not shown). Similar results 
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FIGURE 1. Human CCR2 receptor expres- 
sion analyzed by How cytometry of Mono 
Mac 1 cells. A, Ceils were incubated with bt- 
otin-labeled anti-CCR2 mAbs MCP-1 R01 to 
MCP-1 R06, followed by FITC-tabeled strepta- 
vidin. The figure shows mAb binding com- 
pared with that of a negative control, B, The 
MCP-1 ROS Ab specifically recognizes HEK293 
cells expressing the CCR2 receptor, but not 
those expressing the CCR5 receptor or Irans- 
fected with an empty vector, as indicated. C, 
In Western blot, MCP-1 ROS binding to Mono 
Mac 1 cell fysates (lane 1) is displaced by the 
immunizing CCR2(273~292) peptide [lone 
2), but not by the irrelevant peptide 
CCR2(24-38) {Line 3). D, Immunoprecipiuv 
tion of the CCR2 receptor by the MCP-1R03 
Ab (fane 2, indicated by arrow) but not by 
anti-MCP-1 R02 [lane 0 or anti-MCP-1 ROS 
Abs {tone 3). The remaining bands corre- 
spond to the heavy and light chains of the 
mAb used for immunopreripitation. 
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are obtained when MCP- i R02 is tested in transmigration assays, in 
which this mAb induces migration in a dose-dependent fashion 
comparable to that induced by MCP-1 (Fig, 3£). Both effects are 
blocked by antagonist mAb MCP-JR04 and -1R05 (Fig. 3C), due 
either to steric hindrance or to blocking of NH 2 terminal region- 
third loop interactions required for receptor activation. MCP-I- 
and MCP-1 R024nduced Ca 2 "* influx and transmigration are, as 



expected (36). blocked by ceil treatment with pertussis toxin, but 
not with cholera toxin (nor shown). This indicates a similar trans- 
duction pathway for both the MCP-1R02 mAb and the MCP-1 
ehemokme. 

That other mAb to the ami no- terminal region (MCP-1 R01) or 
the third extracellular loop (MCP-IR03 and MCP-1 R06) show no 
effect on MCP-1 activity suggests complex interaction between the 
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FIGURE 2. Abs specific for the human CCR2 receptor block MCP-1 and MCP-3-triggered Ca 2+ influx and transmigration, 
influx (A) was promoted by human MCP-1 and MCP-3 in Mono Mac 1 ceils loaded with Fluo-3 and preincubated for 30 min at 4°C with 100 nM 
of protein A-purified mAb MCP-1 R05 or hCH5 (an irrelevant isotype-matched mAb), then stimulated with 5 nM of the chemokine. Calcium influx 
in response to MCP-1 or MCP-3 was determined by flow cytometry at 525 nm. Results are expressed as a percentage of the chemokine-induced 
calcium response. The figure depicts the results ±SD of one of five experiments performed. Chemotaxis was assessed in endothel.ai cell-coated 
porous cell culture inserts. B, Mono Mac 1 cells were incubated with increasing concentrations of MCP-1 R05 or control hCH5 Ab (NEC) in the 
upper chamber of the transwell and MCP-1 (2 nM in culture medium) was added to the lower chamber. Cells that migrated to the lower well were 
counted and expressed as a migration index (M. Index), calculated as the x-fold increase in migration observed over the negat.ve control (Medium). 
The MCP-1R05 mAb does not block 0 chemokine-induced chemotaxis in jurkat cells (C), Chemotaxis was assessed as described in Figure 3. The 
figure shows the migration of jurkat cells preincubated with 50 jxg of MCP-1 R05 or isotype-matched control mAb hGH5 ; in response to 5 nm of 
the indicated chemokines or mAb. Data represent the mean of triplicate determinations, with the SD indicated. 



amino and third loop regions, as well as a requirement for highly 
specific residues in both regions for the exertion of the biologic 
activity. 

CCR2 is expressed in monocytes, activated T cells, and B 
cells 

Based on the specificity of these mAb, we have determined the 
population of human peripheral blood mononuclear cells express- 
ing the CCR2. Resting as well as PHA- or ionophore-activated 
PBMC were tested in flow cytometry using double-color staining 
in conjunction with markers specific for monocyte/macrophages, B 
cells, and T cells, in untreated cells, the mAb recognized 100% of 
the CDilb\ CD13" 1 ", and CD14 + cells in the monocyte/macro- 
phage population, based on forward and side scatter analysis (not 
shown), Anti-CCR2 Abs bound to 80% of CD19 + cells, whereas 
trace binding or none at all was observed in CD4 + or CD8 + cells 
(Fig. 4). This indicates CCR2 chemokine receptor expression in 
monocytes and B cells, but not in T cells. Resting and activated 
tonsil-derived lymphocytes were used to confirm these data, show- 
ing that all monocyte/macrophages and the majority of spleen and 
tonsil B cells are stained by anti~CCR2 Abs (Fig. 4). Following 
activation, 30 to 45% of CD4+ and 20 to 40% of CD8 4 " cells 
express the CCR2 receptor, whereas its expression is unaltered in 
tonsil and peripheral blood B cells, indicating activation-dependent 
CCR2 expression in T cells but constitutive CCR2 expression in 
monocytes and B cells (Fig. 4). No modifications in receptor ex- 
pression are seen in B cells following activation, regardless of 
whether they derive from PBL or tonsils (Fig. 4). 

To further confirm the presence of CCR2 chemokine receptor in 
B cells, we performed RT-PCR and Southern blot analysis using 



tonsil B cell-derived CD19 and CCR2-specific probes. Specific, 
appropriately sized bands that further hybridize with specific 
probes indicate the presence of mRNA encoding the CCR2 che- 
mokine receptor in tonsil purified B cells, as well as in the IM-9 
human B cell line (Fig. 5A). Receptor expression in IM-9 and 
purified B cells was also analyzed in flow cytometry using anti- 
CCR2 MCP-1 R05 mAb (Fig. SB). 

Functional CCR2 receptor expression on B cells was tested by 
measuring MCP-1 -triggered chemotaxis in both purified tonsil B 
cells and the IM-9 B cell line; both cell, populations respond to 
MCP-1 and, as reported, to SDF-1 a (Fig. 5, B and C) (22). MCP- 
1 -induced migration, but not that induced by SDF- 1 a, was blocked 
by the anti-CCR2 mAb IV1CP-1R05. Both cell types also responded 
to the MCP-1 agonist mAb MCP-1 R02, an effect that is also 
blocked by the antagonist Ab, as occurs for monocytes and T cells. 
These data clearly indicate the presence of functional CCR2 re- 
ceptor in B cells, together with the known expression of CXCR4 
(37), as shown by the response of these cells to SDF- 1 a. As is the 
case for MCP- 1 activity in monocytes, the effect of this chemokine 
on B cells is blocked by PTX treatment (Fig. 5D), indicating the 
involvement of a PTX-sensitive G protein in this process, 

Discussion 

Chemokine receptors consist of single polypeptide chains contain- 
ing seven membrane-spanning stretches of a helices. These pro- 
teins have an extracellular amino terminal portion and three ex- 
tracellular loops implicated in receptor-agonist interaction, as well 
as a cytoplasmic carboxyl-terminal domain and three intracellular 
loops that interact cooperatively to bind and activate G proteins 



The Journal of Immunology 



5581 



m 

0 
® 

0) 



•H 
0 
H 

s 

dp 



100- 



80 



60 



40- 



20 




A 



hGH30 



SO 100 150 200 

0' 'MCP-1 



Time (s) 



100 




50 lOO"" 150 "T6TT 

f I 

R02 1 "MCP-1 
Time (s) 



X 




10 u 10 ' 

Concentration (nM) 



10' 



WW* 
Wis* 

TAX. 

%■>■> 



'7-w 

ass 

-iVV 



WWfl 



Neg R01 R04 R05 Neg R01 R04 R05 



MCP-1 (2nM) 



MCP-1R02 (2nM) 



FIGURE 3. The MCP-1 R02 Ab induces Ca 2+ influx and transmigration of Mono Mac 1 cells. The ability of the MCP-1 agonist Ab MCP-1 R02 
io promote Ca 2 + influx [A) and transmigration (B and C) of Mono Mac 1 cells was analyzed as described for hgure 2 Her ej R02 (2 «iM) 
and controls were added sequentially to Fluo-3-loaded Mono Mac 1 cells (A) or to the lower well of the transwell {8 and Q. A b h G H - 30, 
isotype-matched to MCP-1 R02 and used as a negative control is specific for hCH. incubation of Mono Mac 1 cells with anthCCR2 Abs MCP-1 R04 
and -1R05 (50 M g/ml>, but not MCP-1 R01, block both MCP-1- and MCP-1 R02-induced Mono Mac 1 rn.gratson (C). 



(38). Most G protein-coupled receptors have single conserved cys- 
teine residues in the extracellular loops, believed to form a disul- 
fide bond that stabilizes the functional protein structure (39). De- 
spite growing interest in and information on the chemokines and 
their receptors, the complex rules that govern chemokine receptor 
triggering remain unclear. In vivo, this process probably involves 
a dynamic relationship involving chemokine, receptor and the re- 
ceptor-linked cytoplasmic G protein complex, although many of 
the molecular events following chemokine receptor triggering re- 
main to be defined. 

Neutralizing mAbs to the human IL-8 receptor, generated using 
cells expressing high IL-8 receptor levels, map to the receptor NH 2 
terminal region (40, 41). The presence in chemokine receptors of 
a conserved disulfide bridge between the amino terminal region 
and the third extracellular loop suggests a role for both regions 
in chemokine binding and activation (42, 43). Assays using chi- 



meric receptors indicate that both regions are important in MCP-1 
binding to and activation of the CCR2 receptor (44); other che- 
mokine receptor regions may nevertheless be critical in ligand 
binding, as it is the case for the second extracellular loop of the 
CCR5 receptor (45). Much remains to be learned, however, of the 
structural requirements for the binding of a given chemokine to 
distinct receptors or of different chemokines to the same receptor. 
Neutralizing Abs to CCR3 and CCR5 receptors have recently been 
generated (37, 46), although precise mapping of receptor recogni- 
tion has not been reported. 

Here, we describe the characterization of mAb specific for the 
CCR2 chemokine receptor, The properties of these mAb, including 
their ability to recognize the CCR2 receptor under different exper- 
imental conditions (flow cytometry, Western blot, immunoprecipi- 
tation and immunohistochemistry) and their extreme specificity, 
have allowed their use in tracing the CCR2 receptor in various cell 
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types and experimental conditions, including receptor localization 
in polarized cells (48) and identification of signal pathways acti- 
vated following MCP-1 binding. The agonist and antagonist func- 
tions of these mAb also render them of great use in the analysis of 
diverse pathologies (33). 

In contrast to IL-8 receptor neutralizing Abs, which are directed 
to the NH 2 terminal region (41), our mAb with antagonist activity 
(MCP-1 R04 and MCP-IR05) map to the third extracellular loop 
region of the CCR2 receptor. The elevated mAb concentrations 
required for complete blockage of MCP- i activity (a 100-fold mo- 
lar excess) may reflect the difference in affinity for the CCR2 re- 
ceptor between MCP-1 (260 pM) (19) and the Abs. Although other 
mAb with similar peptide specificity (MCP-1 R03 and R06) bind to 
the receptor, they do not block MCP-1 activity. The neutralizing 
activity of these Abs is thus limited to the recognition of a few key 
residues within this region that play a critical role in chemokine 
binding or in the modulation of chemokine activity. Earlier studies 
have drawn conclusions on the importance of the chemokine re- 
ceptor NH 2 terminal domain for the 1L-8R (41). Several possibil- 



ities may account for this difference. First, the structural features 
controlling CC chemokine interaction with its receptor may be 
distinct from those of the CXC chemokines, a difference reflected 
by the implication here of the third extracellular domain; neutral- 
izing Abs to other CC receptors must be tested before formal con- 
clusions can be drawn. Second, the amino terminal -specific mAb, 
for example MCP-IR02, can mimic the chemokine response and 
allows us to consider this region critical in agonist activation of the 
CCR2 receptor. 

In immunofluorescence studies, MCP-1R05, which is represen- 
tative of the mAb group specific for the third extracellular loop 
region, detects CCR2 expressed in human monocyte cell lines 
(Mono Mac 1 and THP-I), It distinguishes this receptor in a sig- 
nificant fraction (40-70%) of peripheral blood- or tonsil-derived 
human B cells, as well as in a minor population of resting CD4* 
T cells. Following PBL activation, in addition to the monocyte/ 
macrophages and B lymphocytes, a large proportion (up to 85%) 
of CD4 + and a smaller fraction of CD8 + T cells is also recognized 
by this group of anti-CCR2 Abs. The staining pattern obtained 
using the anti-NH 2 terminal region Abs correlates with the results 
derived with the MCP-1R05 mAb (not shown). The CCR2 expres- 
sion pattern in human PBL concurs with that previously described, 
which showed CCR2 expression in CD4+ CD8 + activated T ceils 
as well as in monocytes (20). Nevertheless, activation-independent 
CCR2 expression was also observed in tonsil- and PBL-derived 
CDI9 + 'CD20* B cells. This contrast with the previously de- 
scribed lack of CCR2 expression in B cells (20) may reflect affinity 
and/or epitope recognition differences by the mAb employed. 

The role of chemokines in B cell function is not as clear as it is 
in T cells. B cell chemotaxis has been demonstrated for a relatively 
limited number of chemokines. MlP-la, MlP-ljS, 1P-9, and 
SDF-10 trigger chemotaxis and induction of proliferation in hu- 
man B cells (22-24); it is very likely, therefore, that chemokine 
receptors will also provide appropriate signals for B cell migration 
and activation. Thus far, however, very few chemokine receptors 
have been analyzed in B cells, or have been implicated in signaling 
and subsequent cell migration. An orphan chemokine receptor, 
BRL1 , has recently been identified with homology to both the high 
and low affinity IL-8 receptor, which induces B cell migration in a 
PTX-sensitive manner to defined lymphoid organs and specific 
spleen compartments (26). 

Here we show, in Southern blot analysis and using the mAb 
described in flow cytometry, that circulating B cells also express 
the CCR2 receptor. This receptor is functional, as MCP-i directs 
B cell migration in a PTX-sensitive manner. MCP-1 activity is 
mimicked by the agonist MCP-1R02 and blocked by the MCP- 
1R05 mAb, while no effect on SDF-l -induced migration is seen 
using the antagonist mAb. This indicates an MCP- 1 -specific re- 
sponse to functional CCR2 receptor expression in these cells. 

It is not yet known whether the signaling mechanisms elicited 
by MCP- 1 In B cells are identical to those described in monocytes, 
as it has been demonstrated that signaling pathways emerging from 
chemoattractant receptors are integrated quite differently, depend- 
ing on the ceil type. Some studies have shown that the intracellular 
signaling pathways for chemotaxis are distinct from those leading 
to superoxide production or enzyme secretion (47). The reasons for 
this may include significant differences in the components of the G 
protein-coupled receptor signaling pathways in various cell types. 
We have recently shown that, during leukocyte migration, cells 
polarize such that chemokine receptors specifically migrate to the 
leading edge of the T cell (48). Here, we show that B cells also 
respond to MCP-1 ; it is thus relevant to ascertain whether chemo- 
kine receptors in this leukocyte subset undergo the same or similar 
reorganization processes. 
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Finally, the identification of chemokine receptors as coreceptor 
for HIV-l infection (49) has widened our perspective and substan- 
tially increased the need for characterizing chemokine receptor 
expression in diverse cell lineages. 
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